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Introduction
In the field of organic electronics or printed electronics the making of devices like organic photovoltaics, OPV, including the more recent perovskite based solar cells and organic light emitting diodes, OLED, by solution processing by roll-2-roll (R2R) production of devices on flexible substrates, at ambient temperatures and at low costs in large quantities [1] [2] [3] [4] [5] [6] . Organic solar cells have been fabricated using a broad range of R2R compatible techniques including slot-die coating [1, 3, 7, 8] and gravure printing [4, 9] . We recently published the fabrication of partially and fully inkjet printed solar cells [10] [11] [12] . These papers mainly focused on the fabrication and characterization of inkjet printed OPV devices rather than on the development of the used inks. In this paper we will address the development of an aqueous solution on a hydrophobic surface which can be a coated and cured layer of the light absorbing layer in case of OPV or the light emitting layer in case of an OLED. In our case we report on research on a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) ink specifically designed for the deposition on the hydrophobic surfaces, like the poly (3-hexylthiophene)/phenyl-C61-butyric acid methyl ester (P3HT/ PCBM) photoactive layer in OPVs. A problem that frequently arises with R2R solution processing techniques is that they require the deposition of sequential layers with large mismatches in surface energy. In case the surface energy of the previous layer is much higher than the surface tension of the desired ink, this ink will spread uncontrollably while in the opposite case, the ink will not wet and no uniform closed layer will be formed. The latter situation occurs when applying a hydrophilic layer of PEDOT:PSS on top of a hydrophobic P3HT/PCBM film. The mismatch between the low surface energy of P3HT/PCBM (24.2 mN/m) and the high surface tension of the used aqueous PEDOT:PSS solution (72.8 mN/m) causes dewetting and inhomogeneous layer formation which makes it difficult to coat PEDOT:PSS properly on the P3HT/ PCBM layer [13, 14] . P3HT/PCBM is not the only photoactive layer that shows such low surface energy. Other materials such as poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PCDTBT) give similarly low surface energies [15] . Hydrophobic surfaces are often treated with UV-ozone to improve wetting of hydrophilic solutions, however, this method is undesirable and detrimental for the photoactive layer [9, 16] . Although the surface energy of the photoactive layer can be raised by using UV-ozone or plasma treatments, this practice might affect the surface chemistry of the layer [9, 14, 17] . The use of a plasma treatment can also require several minutes of treatment, rendering it very expensive in R2R processes operating at speeds of several tens of m/min.
Other methods to improve the wetting of PEDOT:PSS on the photoactive layer is the addition of solvents, usually isopropanol or dimethyl sulfoxide and/or surfactants, usually Zonyl FS-300 or Capstone FS-31, which improve layer formation in several coating techniques but are not effective for inkjet printing on hydrophobic surfaces [9, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Most techniques for the wet-chemical fabrication of organic electronics such as spin coating, wire bar coating, slot-die coating and slide coating deposit the layer as one continuous wet film [7] . With inkjet printing the deposition of the ink is different as many small droplets are deposited on the surface and which have first have to flow together and merge to form a homogenous, closed film, before the solvent in the droplets evaporates. Given that such processes only take milliseconds to seconds, one must consider not only the static, equilibrium surface tension, but also the dynamic surface tension. Here, we report on the influence of a co-solvent and a surfactant on the dynamic surface tension and how these can be combined to inkjet print uniform PEDOT:PSS layers on top of hydrophobic P3HT/PCBM photoactive layers. After evaluation of the starting formulation, the dynamic surface tension of different PEDOT:PSS ink formulations was investigated using bubble tensiometry. Suitable combinations were subsequently evaluated using high speed camera imaging. Finally, devices in which the several PEDOT:PSS inks based on the newly developed formulations were inkjet printed on top of P3HT/PCBM were fabricated, evaluated and compared a reference device made with a conventional top electrode made from Molybdenum oxide (MoO x ).
Experimental methods
P3HT/PCBM samples were made with 2 wt% solution of both P3HT (Merck Lisicon SP001) and PCBM (99% Solenne BV) in Chlorobenzene (99.9%, Sigma Aldrich). Upon mixing, the solution was stirred overnight at 70°C and filtered through a 0.45 μm filter before use. Glass plates with sizes of 3 × 3 cm 2 or 15 × 15 cm 2 were cleaned using multiple ultrasonic cleaning steps at elevated temperature in baths containing Teepol soap, followed by extensive rinsing in deionized water and drying in an oven at 80°C. Substrates were treated with UV/ ozone for 5 min prior to spincoating. Approximately 0. 
Ink formulation and characterization
Inkjet inks were based on either low conductive PEDOT:PSS (Clevios CH8000 from Heraeus) or high conductive HILHC5i (Agfa Gevaert N.V.). To these dispersions various surfactants such as Capstone FS-3100 (DuPont), 4-dodecylbenzenesulfonic acid (DBSA, Sigma Aldrich), Sodium dodecylbenzene sulfonate (SDBS, Sigma Aldrich), Ndodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (DDAPS, Sigma Aldrich)) and alcohols (Ethanol (Biosolve BV), 1-propanol (Sigma Aldrich), isopropanol (Fluka), 1-butanol (Merck), 2-butanol (Sigma Aldrich), 1-pentanol (Sigma Aldrich)) were added. Inks were stirred for several hours prior to use. The contact angle measurements were made on an Easydrop Standard (Krüss), with 2 μL drops. The equilibrium surface tension measurements were made on the same apparatus using the pendant drop method. These contact angle and pendant drop measurements were performed at room temperature (22°C). Dynamic surface tensions were measured on a Krüss Bubble Tensiometer (BP2) with a glass capillary (KR SH2031, Krüss) with an inner diameter of 0.2 mm and a hydrophobic silane coating. These measurements were performed over a range of 5 m s to 10000 ms at a temperature of 20°C.
Inkjet printing and jetting evaluation
The jetting experiments were performed on a LP50 platform (OTB, Roth&Rau) with a Konica Minolta KM-512LN printhead having 512 nozzles with a nominal drop volume of 42 pL. Prior to inkjet printing the PEDOT:PSS ink formulations were filtered with a 0.45 μm hydrophilic PVFE filter. To calculate the dry layer thickness of the PEDOT:PSS ink the following formula is used:
Here, DP is the dotpitch, LP is nozzle spacing which on a KM-512LN printhead is 70 μm, Vd is the volume of an individual droplet (42 pL) and f wt is the weight fraction of the dispersed PEDOT:PSS. In this research the expected dry layer thickness for the PEDOT:PSS layer are shown for ink formulations with several dotpitches.
High speed imaging
The landing and spreading of individually jetted droplets was performed using a phantom v310 high speed camera equipped with a longrange microscope objective capturing at 15600 frames per second, a resolution of 512 × 384 pixels and an overall magnification of 0.22 μm/pixel. Individual droplets were jetted from disposable Fujifilm Dimatix DCM-11610 cartridges with a nominal droplet volume of 10 pL. The droplets landed on spincoated films of P3HT/PCBM on glass which were prepared as described above.
Device preparation
The solar cells were made on 30 × 30 mm 2 glass/indium tin oxide . The glass/ITO substrates were cleaned in advance using the same protocol as described above. Prior to spincoating, the glass/ ITO substrates were treated with UV/ozone for 10 min. Zinc oxide nanoparticles are made as described by Krebs et al. [28] The P3HT/PCBM solution is made with 2 wt% solution P3HT (Merck Lisicon SP001) and 2 wt% PCBM (99% Solenne BV) in 1,2-Dichlorobenzene (Reagentplus, 99%, Sigma-Aldrich). The P3HT/PCBM solution is stirred overnight on a hotplate at 70°C and filtered with a 0.45 μm filter prior to use. The HilHC5i + 0.1 wt% Capstone +2 wt% pentanol and Clevios CH8000 + 0.1 wt% Capstone +2 wt% pentanol are prepared as described above. A reference cell was made with Orgacon EL-P 5015 diluted with isopropanol in a 1:1 ratio. Zinc oxide is spin coated at 1000 rpm for 60 s, after which the layers are dried at room temperature and subsequently annealed at 200°C for 5 min in air. The P3HT/PCBM layer was spun at 550 rpm for 95 s, dried at room temperature in air and annealed at 130°C for 10 min under N 2 atmosphere. The reference Orgacon 5015 PEDOT:PSS layer was spun at 1000 rpm for 60 s, dried at 110°C for 2 min in air and then annealed at 130°C for 8 min under N 2 atmosphere. The modified PEDOT:PSS formulations were inkjet printed using the same procedure as described above, dried on a hotplate in air at 110°C for 2 min and subsequently annealed at 130°C for 8 min under N 2 atmosphere. After annealing of the PEDOT:PSS layers, 100 nm of silver is thermally evaporated on the PEDOT:PSS to complete the devices.
Electrical characterization of layers and devices
The conductivity of the printed PEDOT:PSS layers is measured with a digital multimeter (Keithley, Model, 2001) and a four-point probe setup. Current-voltage (I/V) measurements were done on a solar simulator, containing a Keithley 2400 SourceMeter wired to a sample holder in a nitrogen-filled glove box. The sample was illuminated by a halogen lamp. Samples were illuminated through an illumination mask with a well-defined aperture area. An automated rotating filter wheel was used to record the current densities at various wavelengths for external quantum efficiency (EQE) measurement. A silicon reference cell with known spectral response was used for calibration purposes. This enabled the measurement program on the computer to calculate an estimation of the short-circuit current density (J sc ) of the organic solar cell under 1000 W/m 2 , AM1.5 illumination.
Results and discussion
To fabricate devices of OPV of the inverted stack design in Fig. 1a , a highly conductive hole conducting PEDOT:PSS layer must be deposited on top of the photoactive layer (PAL). This P3HT/PCBM layer is very hydrophobic and was found to have a surface energy of 24.2 mN/m, which is well below the surface tension of water (72.8 mN/m) and aqueous solutions will therefore not wet this surface. Fig. 1b , shows the poor layer formation when inkjet printing the same PEDOT:PSS dispersion as we previously reported as hole injection layer in inkjet printed OLED devices [29] . This formulation consists of a CH8000 PEDOT:PSS dispersion with an added AGFA proprietary surfactant. The poor layer formation by this ink is due to its surface tension of 33.3 mN/ m which is above the surface energy of the PAL layer. Better wetting was obtained by using a modified formulation in which the surfactant was replaced by the Capstone FS-3100 fluorosurfactant (Fig. 1c) , as fluorosurfactants are capable of lowering the surface tension of aqueous solutions to values as low as 15 mN/m, however no homogeneous dry layer was formed despite the equilibrium surface tension of 18 mN/m of this ink [30] .
The effects of surfactants on the surface tension is not instantaneous as they need to diffuse from the bulk of the liquid to the interface, reorientate and absorb [31] . While in many coating techniques, such as spin coating, slot-die coating and blade coating, the ink is deposited as one uniform and continuous thin film, in inkjet printing the liquid film is created by depositing many small ink drops. While in other coating techniques the surfactant needs to prevent this liquid film from breaking up, in inkjet printing the surface tension must be reduced sufficiently and sufficiently fast to allow the individual droplets to merge to a uniform wet layer. This layer then must dry to a homogeneous thin solid film. When examining the dynamic surface tension of different surfactants (Fig. 2a) , the initial surface tensions, i.e. within the Fig. 2 . Dynamic surface tensions of different CH8000 PEDOT:PSS formulations comprising various surfactants at concentrations of 0.13 wt% (a), various alcohols at 1 wt% (b), and the same PEDOT:PSS dispersion with 0.1 wt% Capstone FS-3100 (red), 2 wt% 1-pentanol (green) and the combination of the two (black) (c). The dynamic surface tension of the pure CH8000 is also given in (b) and can be seen to remain constant at the surface tension value of pure water. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) first 10 m s, are still above 60 mN/m. Only after times in excess of 1000 m s, do the examined surfactants reach their equilibrium surface tension. The addition of Capstone FS-3100 lowers the equilibrium surface tension of the PEDOT:PSS formulation to 18 mN/m, well below the surface energy of the P3HT/PCBM layer of 24 mN/m. The effects of added alcohols on the surface tension of PEDOT:PSS formulations is much faster than that of the surfactants, as can be seen in Fig. 2b . The effect of a 1 wt% addition of the various alcohols on the equilibrium surface tensions is much lower than for most of the surfactants, but these surface tensions reach their equilibrium values below the detection threshold of our bubble tension meter, which is about 8 m s. As it is anticipated that the slow onset of the Capstone surfactant underlies the poor film formation during inkjet printing, a combination of the slow, but powerful Capstone surfactant and the fast 1-pentanol was investigated further. In Fig. 2c the influence of each of these additives, as well as their combined effect can be seen. The addition of both components indeed leads to a low initial surface tension of 29 mN/m which decreases over time to similar values as obtained with only the addition of the Capstone surfactant (i.e. 18 mN/m). It has to be noted that the alcohols are added in higher concentrations than the surfactants as the alcohols will evaporate during drying of the PEDOT:PSS layer. As the surfactants don't evaporate they are used in low concentrations such that their presence does not adversely affect the PEDOT:PSS layer performance, although a higher concentration could lead to a faster reduction in surface tension. In Figure S1 an example is shown that a higher concentration (2%) of the 1-pentanol can create a larger decrease in surface tension. This larger decrease in surface tension will be beneficial for a better wetting of the PEDOT:PSS solution on the P3HT/PCBM surface, however the concentration cannot be increased further as this is already the solubility limit of 1-pentanol [32] . This makes the combination of the speed of 1-pentanol and the strength of the Capstone FS-3100 on the surface tension on the PEDOT:PSS such an elegant solution.
To study the influence of the different ink components, we studied the behavior of individual inkjet printed droplets using high speed camera imaging. The relevance of droplet impact, dynamic wetting and spreading behavior for inkjet of organic electronics is highlighted by the review from Caironi et al. [33] To examine the effect of the added Capstone FS-3100 and 2 wt% 1-pentanol on the time evolution of the contact angle, individual 10 pL ink droplets of these formulations were jetted onto a spin coated P3HT/PCBM layer and imaged over time with a high speed camera. Images were obtained at a frame rate of 15000 frames per second. Some characteristic frames at different delay times after the landing of the droplet are shown in Fig. 3 .
The contact angles of the landed droplets as a function of time are plotted in Fig. 4 .
Immediately after the impact phase both the unmodified CH8000 (blue) and the CH8000 containing 0.1 wt% Capstone (red) have initial contact angles of 100°. The former has these high values until the end of the measurement at 750 m s, while the latter starts a slow decline to contact angles below 30°after about 80 m s. The influence of the 1-pentanol on early stage wetting is clear from the initial contact angle of the CH8000 containing 2 wt% 1-pentanol (green, "1-pentanol") and the CH8000 containing 0.1 wt% Capstone and 2 wt% 1-pentanol (black, "Capstone+1-pentanol") which are both 80°± 3°. The onset of the ) where the number of cells (n) = 2, 11 and 8, respectively. For a device with a 300 nm inkjet printed layer of CH8000 + 0.1 wt% Capstone +2 wt% 1-pentanol (dark blue, n = 4). And for a device with a spin coated layer of PEDOT Orgacon 5015 (black, n = 4) and a device with an evaporated MoOx layer (red, n = 4). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) reduction in surface tension and resulting decrease in contact angle caused by the FS-3100 does not seem affected by the presence of the 1-pentanol. The contact angle of the formulation containing both additives is at all measurement times lower than that of the formulation containing only one of them.
In contrast to the surface tension obtained in the bubble tensiometer measurements, the contact angle of the CH8000 with added 1-pentanol reverts to the values obtained for the pure CH8000 after about 200 m s. This is most likely due to the much higher surface area and smaller volume of a single 10 pL droplet compared to the 10 mL volume on which the bubble tensiometer measurements were performed: during the high speed camera measurements the composition of the droplet changes due to the evaporation of the solvents, while in the bubble tensiometer the composition is expected to remain constant for the duration of the experiment. The drying effect on the jetted droplets will also cause the surfactant concentration to increase over time, as the 1-pentanol and water evaporate. The same effect will occur during the drying of actual printed layers.
The CH8000 formulation containing 0.1 wt% Capstone FS-3100 and 2 wt% 1-pentanol was inkjet printed on spin coated P3HT/PCBM samples at with several dotpitches to obtain different dry layer thicknesses. The results are shown in Fig. 5 .
Here, it can be observed that PEDOT:PSS layers with a dotpitch of 41 and 31 μm can be inkjet printed from the modified formulation to obtain layers of approximately 300 and 400 nm thickness. To further optimize layer formation the PEDOT:PSS was diluted with demineralized water in a 1:1 v/v ratio prior to the addition of the surfactant and alcohol. The latter where both added to yield the same concentration as in the undiluted mixture. The effect of the two-fold dilution is that a twice as large wet layer thickness must be applied to obtain the same dry layer thickness. This facilitates the formation of a closed, uniform wet film. The effect of a two-fold dilution of the CH8000 with demineralized water and subsequent addition of 0.1 wt% Capstone and 2 wt % 1-pentanol can be seen in Fig. 6 . A two-fold thicker wet layer must be inkjet printed to yield the same device layer thickness as for the undiluted ink, this leads to a closed dry layer already at a calculated thickness of 200 nm dry (Fig. 6a ) instead of at a calculated dry layer thickness of 400 nm (Fig. 5b) .
The advantage of the CH8000 PEDOT:PSS dispersion we used so far, is that it is a very simple formulation as it contains no solvent other than water, no surfactants and is a very stable dispersion because of its high PSS:PEDOT ratio of 20:1. With a resistivity of 3·10 3 Ωm it is, however, not a suitable material for large area transparent electrodes. Therefore, the same chemistry has been tested on a highly conductive PEDOT and OPV cells have been made to evaluate their properties. The formulation of highly conductive AGFA Orgacon HILHC5i was therefore also modified by the addition of the same amounts of 0.1 wt% Capstone FS-3100 and 2 wt% 1-pentanol. Layers with thicknesses between 100 nm and 400 nm of this materials could also be inkjet printed on the same P3HT/PCBM photoactive layer (Fig. 7) . The influence of the formulation on the performance of the layers was evaluated by fabricating solar cells in which the top PEDOT:PSS layer was inkjet printed using the new formulation and the other layers were applied using spin coating or thermal evaporation. The results are shown in Fig. 8 and Table 1 .
The best performance was obtained for the devices with inkjet printed modified HILHC5i thickness of 100 nm for which the maximum power point (MPP) was 1.9 mW/cm 
Conclusion
A sufficient and sufficiently fast surface tension reduction of aqueous PEDOT:PSS dispersions is required for inkjet printing this transparent conductor on a hydrophobic P3HT/PCBM photoactive layer. Addition of a combination of a moderately miscible alcohol, i.e. 1-pentanol, in combination with a fluorosurfactant, i.e. Capstone FS-3100, resulted in uniform inkjet printed device layers. Both the instantaneous but moderate reduction in surface tension caused by the alcohols and the large but slow effect of the fluorosurfactant can clearly be observed in measurements of the dynamic surface tension of the inks and the evolution of the contact angle of single inkjet printed ink droplets. The use of these additives was found to have no negative effect on the performance of organic photovoltaic devices since devices with a 100 nm thick inkjet printed PEDOT:PSS layer had a MPP of 1.9 mW/ cm 2 compared to an MPP of 1.8 mW/cm 2 obtained for reference devices with an evaporated top electrode. As we have shown that the formulation is transferable among different PEDOT:PSS dispersions and many organic photoactive materials have comparable surface energies to P3HT/PCBM we expect that this formulation strategy can also be applied for different OPV device stacks.
Author contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
Funding sources
This work is part of the project "High Precision Inkjet Printing System (HIPRINS)" supported by the subsidy "Pieken in de Delta" of the 
Supporting information

